Abstract-Using fault current limiter (FCL) is an effective way to solve the problem that short circuit current exceeds the standard. How to quickly identify short circuit faults is one of the keys. Thus, this paper presented a fast identification method for short circuit fault based on the average curvature of current waveform. A simple fault current limiter system was built in PSCAD, and the method was studied. The results show that it is faster than using current instantaneous value or the current change rate as the criterion. In view of the situation that the average curvature may exceed when the load changes sharply. It was proposed that the average curvature and the current change rate could be used as the combination criterion, and the fault could be identified quickly and accurately too.
I. INTRODUCTION
With the increasing electricity power load, the problem of excessive short circuit current is becoming more and more serious which becomes one of the major threats to the electricity power system [1] - [2] . By increasing the voltage level or the system impedance, there are technical barriers, extra expenses or will have a negative impact on the electricity system [3] - [4] . Using fault current limiter to solve this problem is an effective way [5] - [7] .
To ensure the reliable input of short circuit current limiter, fast and accurate identification of short circuit fault is essential [8] . At present, numerous studies on this field have been carried out. According to the derivative information of the angular velocity and angular velocity of the generator, fuzzy judgment and reasoning can be used to identify the short circuit fault [9] . It is proposed that the instantaneous value of the line current, the line current differential and the line current integration can be the short circuit fault criterion [10] . In a short circuit current limiter project of East China Power Grid, the fault signal is quickly identified by the combination of the line current waveform slope and the instantaneous value [11] .
Curvature is the amount that characterizes the trend. The curvature of current waveform has been used to identify the inrush current [12] . In this paper, it is proposed that the fault can quickly identified by using the average curvature of current waveform when load do not change sharply. We need to use both the average curvature and the current change rate in other situations. The simulation analysis was carried out, and the results show that the methods can meet the requirements of fastness and reliability at the same time.
II. DEFINITION OF CURVATURE
Curvature is the amount that characterizes the deviation of the curve from the straight line. As shown in Figure 1 
A. The Basis of the Application
When the electricity power system is running normally, there is almost no harmonic in the grid current. If only the fundamental frequency component is taken into account, the current-time curve expression can be described as
The curvature of each point on the curve is:
We can see that during time that the electricity power system is running normally, the curvature of each point on the current-time curve is within the closed interval between the maximum and the minimum. If a single threshold is set, it is possible to determine whether or not a short circuit fault has occurred based on whether or not the absolute value of the curvature is limited. The criterion is as follows:
In engineering practice, however, the current value is obtained by discretized sampling. The current-time curve depicted by the sampled data is no longer smooth and is not a true current-time continuous curve, so that the curvature of each point on the real curve can't be obtained. At this time, the average curvature can be used to describe the current change trend, the average curvature between the nth sample point and the (n+1)th sample point defined as 
Where t  is sampling step and n I is the current value of the nth sampling point. It is easy to see that when the sampling step is smaller, the average curvature is closer to the real curvature of the nth point. It should be noted that, due to the two different units of current and length of sampling step, units need to be converted before the calculation.
A simple power system is modeled to simulate a short circuit fault at 0.2 second, and the fault is identified by the average curvature between the sampling points, as shown in Figure 2 . The following conclusions can be drawn from the figure above: a) When the electricity system is running normally, the average curvature of the current waveform changes within a small range. When the fault occurs, the average curvature suddenly increases or decreases beyond this range. b) When short circuit fault occurs, the current value is greater than the normal, and the absolute value of the average curvature at the peak is also greater than the absolute value at normal.
B. Feasibility Analysis and Improvement Measures
The main advantage of fault identification with average curvature of current waveform is that when short circuit current change rate and the instantaneous value do not increased to a certain value, the fault can be determined and the recognition speed can be improved. This advantage is determined by the curvature definition formula, the curvature formula used the second derivative, which also causes the disadvantage, that is sensitive to wave and interference. From Figure 2 , we can see that the average curvature will be greater if the current value is greater. When current changes (increases or decreases) sharply, the average curvature of current waveform increases. A simple three-phase electricity system is modeled. The simulation system suddenly increases the load at 0.2s and a ground fault occurs at 0.3s, the measured non-fault phase current and the average curvature of its waveform are shown in Figure 3 .
FIGURE III. THE NON -FAULT PHASE CURRENT AND AVERAGE CURVATURE OF ITS WAVEFORM
At this time, only raising the setting value to distinguish normal operation can't be feasible because it will cause a failure to refuse act when real fault occurs.
Therefore, this paper is to propose that the average curvature of current waveform and current change rate can be used as a criterion to meet the requirements of fastness and reliability. The criterion is as follows:
In which, 
IV. SIMULATION AND VERIFICATION
In order to test identification capability based on the average curvature of the current waveform to short circuit fault, in PSCAD, a simple three-phase electricity power system is built. The system circuit is shown in Figure 4 .
FIGURE IV. SIMPLE THREE-PHASE ELECTRICITY POWER SYSTEM
Based on this, the application of the average curvature of current waveform in short circuit fault identification is studied. The sampling step is 100us. To facilitate the calculation of the average curvature value, the sampling step 100us is counted as 1 and the current value 1kA is counted as 1. If three-phase short circuit fault (the most serious case) occurred at 0.3000s. The fault point is located at the point f at the low voltage side of the transformer. Taking the high-side a-phase winding current as an example, the current waveform and the mean curvature are shown below.
FIGURE V. A-PHASE CURRENT AND ITS AVERAGE CURVATURE
At normal operation, the maximum value of current instantaneous is 0.514kA, the maximum current change rate is 0.161kA/ms, and the maximum average curvature is 0.0005066. Considering the margin, we make the current instantaneous value, the rate of change, the average curvature as a criterion to identity the fault, the 3 setting values are 0.617kA, 0.193kA/ms, 0.000608 respectively. If the three-phase short circuit fault occurs at 0.3000s, 0.3020s, 0.3040s, 0.3060s, 0.3080s and 0.3100s respectively. The identification time of the three methods is as follows. From Figure 6 , it can be seen that the time to identify faults based on the average curvature criterion is shorter and the identification speed is faster. At this time, the average curvature criterion can be used only to identify faults quickly and accurately. But in another case, this situation will change. At 0.2s, if the load suddenly decreases by 54.6% and recovered at 0.22s (which is an extreme case), the fault still occurs at 0.3s, the current and the average curvature between 0.16s and 0.34s are shown in Figure 7 .
FIGURE VII. CURRENT AND AVERAGE CURVATURE WHEN LOAD DECREASE AND FAULT OCCURS
It is not difficult to see that the load suddenly decreases sharply at 0.2s, causing that the average curvature of current curvature increases abruptly, which exceeds the maximum average curvature after 0.3s. If a single average curvature criterion is used, there will be identification error. So, combination criteria need to be used. The current change rate is shown in Figure 8 .
FIGURE VIII. CURRENT CHANGE RATE
The current change rate is much greater near at 0.3s than near at 0.2s which maximum is 0.411kA/ms. Based on this, we propose that the average curvature of current waveform and current change rate can be used as a combination criterion to
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identity short circuit fault. To ensure the rapidity of identification at the same time, the setting values in combination criterion should be smaller than the value of the single criterion. In the above situation, we make the setting value of average curvature 0.000557 and the setting value of current change rate 0.411kA/ms. The identify time using the combination criterion is longer than usual only using average curvature as criterion, but is more accurate. When only using current change rate, the setting value should be 0.4932kA/ms. The identify time of the two criterions is shown in Figure 9 .
FIGURE IX. IDENTIFY TIME OF TWO DIFFERENT CRITERIONS
It can be seen that the identification time using the combination criterion is less than or equal to the identification time using the rate of change criterion when faults occur at different time.
V. CONCLUSION
In this paper, a method based on the average curvature of current waveform to identify short circuit fault was developed. After principle analysis, simulation has been carried out. Using the average curvature of current waveform as criterion, fault could be identified more quickly and accurate than using current change rate or instantaneous value if there was not sharp load change. Combination criterion both using the average curvature and current change rate should be used in other situations. But it also showed the speed was faster than the simple rate criterion.
